An implementation of spin±orbit coupling within a two-component generalization of the density functional code MAGIC is described. The spin±orbit operator is represented in the eective one-electron mean-®eld approximation and included into the Fock matrix within an iterative self-consistent scheme. First tests have been carried out for the spin± orbit splitting of several atoms. The spin±orbit eect on the bond distance and harmonic frequency of some diatomics has also been determined. This scheme allows to include spin±orbit in a simple way and can be eciently used to treat large systems. Ó
Introduction
The importance of relativistic eects in the theoretical study of heavy element chemistry is a well established fact [1, 2] . Both scalar (spin-free) relativistic eects and spin±orbit coupling have to be included in order to allow comparison of experimental and theoretical data [3±6] . In transition metal chemistry or actinide chemistry for example, scalar relativity is vital to determine structures and energetics, and spin±orbit coupling has been demonstrated to be important to obtain qualitative prediction of the energetics of some redox reactions [7] .
Due to the computational expediency and in view of the implicit inclusion of electron correlation, the application of density functional theory (DFT) approaches appears particularly attractive for heavy-element compounds [8] . DFT methods with the inclusion of relativistic eects are used already to study electronic and magnetic properties. DFT for the calculation of NMR chemical shifts gives accurate and stable results, even in cases such as transition-metal compounds, [9] which are known to exhibit strong correlation eects [10] .
In this Letter we discuss the implementation of spin±orbit coupling in the DFT program MAGIC, designed to provide a means of performing chemically accurate calculations on systems containing many atoms, some of which are heavy. The MAGIC code is described elsewhere [8] , but, in its essentials, it is a code based on the use of GAUS-A US-SIA N SIA N basis sets that allows density functional calculations within the Kohn±Sham paradigm. In addition to the standard, non-relativistic all-electron scheme, relativistic eects are considered by an implementation of the eective core potentials (ECP) of Kahn et al. [11] . Alternatively, the relativistic methods of Douglas and Kroll (DK) [12] or Chang et al. [13] can be used in an all-electron framework.
Theoretical method and implementation

The atomic mean ®eld approximation
In this study the DK no-pair operator was used to account for relativistic eects at the spin-free level in the all-electron calculations. For the details of the implementation of the DK transformation in MAGIC we refer to [14] . In the following we describe the spin±orbit implementation in the relativistic self-consistent ®eld scheme.
The explicit calculation of the two-electron spin±orbit matrix elements quickly becomes very demanding computationally with increasing system size. A comparably cheap and accurate approximation is the mean-®eld spin±orbit operator as introduced in [15] , which reduces the full spin±orbit operator to an eective one-electron operator. In the following we will use the atomic mean-®eld spin±orbit operator (AMFI) which was implemented by one of us (B.S.) [16] . The computational eciency and accuracy of the atomic mean-®eld approximation has been demonstrated in several applications e.g. the calculation of spin± orbit splitting [15, 17, 18] , for spin±orbit induced eects on the nuclear shieldings of lighter elements in molecules containing heavy elements [19] and in the calculation of phosphorescent radiative lifetimes [20] .
For the present application, we want to stress two points on the use of the mean-®eld approximation: Firstly, the AMFI-code requires a knowledge of the atomic orbitals in order to carry out the mean-®eld summation. Following the experience obtained in [19] , where atomic SCF-orbitals gave basically the same results as atomic Kohn±Sham orbitals for this purpose, we will in this work use the same approach. Secondly, the AMFI code is based on real harmonic functions, and thus the s-like contaminants of the d-functions as well as the contaminants obtained from higher l-values have to be projected out in the MAGIC calculation.
Implementation in the MAGIC code
The spin±orbit contribution can be included in the DFT either within a perturbative or an iterative procedure. The mean-®eld spin±orbit integrals are initially precalculated. In the perturbative case spin±orbit contributions are then included on top of a converged spin-free density matrix. In the iterative case, at each SCF iteration, the spin±orbit matrix elements are added element by element to the Fock matrix. The new Fock matrix is diagonalized and a set of molecular spinors is obtained from which a spin-density matrix is generated. The spin±orbit contribution to the total energy is then computed. This procedure is repeated iteratively until convergence on the spin-density matrix is reached. In the following we present some results generated with the iterative scheme only, which are certainly more accurate.
The procedure has initially been tested on some atomic systems which are well known to show strong spin±orbit eects [21±23]. We considered some atoms with electronic con®guration np 1 , In and Tl, and np 5 , Br and I. The splitting between the 2 P 1=2 and 2 P 3=2 states has been calculated by performing a calculation on the two states separately and calculating the splitting as the energy dierence afterwards. In the np 1 case a spin-free calculation is initially performed, in which the one electron is symmetrically averaged over the six p orbitals in order to have a starting guess with degenerate orbitals. The spin-free density is then used in a calculation where the one p electron is symmetrically distributed among the two lowest p spinors. This gives the total energy of the lowest atomic 2 Table 2 . The local density approximation exchange plus the Volsko, Wilk and Nusair correlation functional, LDA, and the generalized gradient approach functional, BLYP were used. This means that a standard Kohn±Sham DFT procedure is used in all calculations, including the open shell cases, for which a symmetric electron density is considered. For the radial quadrature the scheme by Mura and Knowles [24] was followed and for the angular quadrature the scheme by Lebedev [25] .
Details of the calculations and results
The generalized relativistically contracted allelectron basis sets of the MOLCAS library [26] were used, when available. Namely a (22s17p14d9f)/[8s7p5d3f] was used for Tl, and a (22s18p14d9f)/[8s7p5d3f] was used for Pt, Au, and Hg. The polarization Sadlej basis (19s15p12d4f)/ [11s9p6d2f] was used for I [27] , and the atomic natural orbital basis, ANO-S, was used for Br (17s15p9d)/[9s9p5d] and H (7s3p)/[3s2p] [28] . A relativistic all-electron basis is not available for In, and we thus used the uncontracted Tl basis and relativistically recontract it for In. The In calculation was performed only to test the procedure and we thus consider the choice of the Tl basis a reasonable approximation. However, considering the good agreement that we obtain with experiment (see the following), we do not retain the basis set a worrying aspect of the procedure.
The experimental and calculated splittings for In, Tl, Br, I, and Au are reported in Table 3 . The calculated values are obtained within the BLYP approximation. In all cases the calculated values dier by less than 3% with respect to the experimental values, indicating that the method gives reasonably accurate predictions of the splittings. A technical diculty occurs in converging the Au calculation. This is due to the fact that the 5d 9 6s 2 occupation does not correspond to the ground state of Au, which has occupation 5d 10 6s 1 . If no restriction is imposed on the spinor rotation during the iterative procedure, the spinors will relax to the ground state solution. In order to converge to the 2 D states, some constraints on the spinors have to be imposed during the iterative procedure. At each iteration the overlap matrix of the spinors generated at that iteration and the spinors of the previous iteration is computed. The eigenvalues of the overlap matrix are computed and, if the smallest eigenvalue is lower than a certain threshold (in the present case we found it appropriate to set it to 0.001), then the spinors of the previous iteration are used. This allows us to converge to the 2 D solutions, and not to the ground state. The problems occurring in open-shell systems could eventually be overcome by using double group symmetry, but this is not been implemented in the program. Considering the good agreement between the calculated and experimental values for the splittings, we think that the basis sets used are reasonable.
The eventual aim of this scheme is not to compute atomic splittings. Instead, one would like to have a reasonably accurate method able to describe spin±orbit eects in a molecular system, at a cheap cost, which would make it possible to treat extended systems. In order to check the new scheme for molecules, we calculated the bond distances and harmonic frequencies of some diatomics which are typical test cases for spin±orbit properties, namely TlH, I 2 , PtH, HgH, and Tl 2 [4,5,29±31] . A cubic interpolation was used to calculate the minimum on the potential energy curve. The results are reported in Table 4 . BLYP in general gives longer equilibrium distances than LDA, as con®rmed by the calculations by van Lenthe et al. [4] . We predict a bond shortening of ca. 0.025 A in TlH, 0.016 in PtH, 0.056 in HgH, and an almost negligible eect in I 2 . One case in which spin±orbit is known to increase the bond distance is Tl 2 [5] and this behavior is reproduced by our approach. Lee et al., predict a bond lengthening in Tl 2 of 0.24±0. 32 A in going from HF to CCSD(T). We obtain a bond lengthening of 0.201 at BLYP/DFT level. The harmonic frequencies dier from experiment by less than 10% In parenthesis the dierence ( A) with respect to the spin free distance, and the percent dierence with respect to the spin free frequency are reported. a Generalized gradient approximation. b [32] . c [33] . in all cases, except for the Tl 2 case, for which the frequency is anyway very small.
Conclusions
The method presented in this study allows the inclusion of spin±orbit eects within a DFT scheme. In principle, the way of generating the spin±orbit contribution and including it, is simple. However one has to bear in mind the limitations due to the DFT approach in itself, which does not allow the use of this scheme as a`black box' approach. The problems mainly occur when openshell systems are treated, and these are certainly the cases in which spin±orbit eects are more relevant. A decision about the fractional occupation of the various spinors has to be made, and if the splitting has to be calculated, the dierent states have to be computed. However, one has to bear in mind that this program is not intended to compute atomic spin±orbit splittings, for which there are certainly more appropriate methods. The atomic calculations were carried out only to test the procedure and we think that the agreement that we obtain with experiment is more than acceptable. The investigation of spin±orbit eects on molecular structures is less complicated, at least in the vicinity of minima.
A limitation of the scheme is represented by the fact that so far it works only within an all-electron framework. This implies the use of a relativistic all-electron basis, which nowadays are available for a limited number of elements. The In test represents one of such cases. However, this is not a limit of our method in itself, but of all quantum chemistry programs based on GAUSSIAN AU SSI AN basis sets.
The idea of extending the mean-®eld approach so that it can be used also in the presence of effective core potentials might be appealing [17, 23] , since it will allow larger systems to be treated, and this is currently under investigation.
The procedure described in this Letter is simple, the preliminary tests presented show that the method produces good agreement with experiment, and the inclusion of the spin±orbit eect within a one-electron and one-center scheme means that the implementation is ecient and can be extended to treat large molecules.
